Burkholderia puraquae sp. nov., a novel species of the Burkholderia cepacia complex isolated from hospital settings and agricultural soils Bacteria from the Burkholderia cepacia complex (Bcc) are capable of causing severe infections in patients with cystic fibrosis (CF). These opportunistic pathogens are also widely distributed in natural and man-made environments. After a 12-year epidemiological surveillance involving Bcc bacteria from respiratory secretions of Argentinean patients with CF and from hospital settings, we found six isolates of the Bcc with a concatenated species-specific allele sequence that differed by more than 3 % from those of the Bcc with validly published names. According to the multilocus sequence analysis (MLSA), these isolates clustered with the agricultural soil strain, Burkholderia sp. PBP 78, which was already deposited in the PubMLST database. The isolates were examined using a polyphasic approach, which included 16S rRNA, recA, Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), DNA base composition, average nucleotide identities (ANIs), fatty acid profiles, and biochemical characterizations.
respiratory infections in patients with cystic fibrosis (CF), although other hospitalized non-CF patients have also been affected [5, 7] and a number of outbreaks have been reported in recent decades [6, [8] [9] [10] .
It is known that the 16S rRNA gene, which is widely used for bacterial systematics, is limited in its ability to differentiate between members of the Bcc [11] . In contrast, the analysis of recA and hisA sequence variations has enabled the identification of most of the species within the complex [12, 13] . In comparison with these methods, however, the multilocus sequence typing (MLST) scheme provides both species and strain identification [14] . Accordingly, multilocus sequence analysis (MLSA) has been used to elucidate intraspecies relationships between members of the Burkholderia genus, and to analyze strains within species [3, 15] . In this respect it was demonstrated that a 3 % divergence among concatenated allele sequences can be used as a threshold value for species delineation within the Bcc [2] . However, the introduction of whole genome sequencing (WGS) allows the implemention of complementary taxonomic tools to MLSA, such as the average nucleotide identity (ANI) [16, 17] . This WGS-based approach has become one of the most robust measurements of genomic relatedness for discriminating both distant and closely related bacteria.
During an epidemiological surveillance involving Bcc bacteria from respiratory secretions of CF patients, and from hospital settings representing different CF reference centres in Argentina [9, 18] , we recovered six isolates from hospital settings that represented a unique MLSA cluster within the Bcc. Furthermore, after depositing the sequences in the Bcc PubMLST database (http://pubmlst.org/bcc/), one additional Bcc isolate was identified as belonging to the same group, the PBP 78 isolate, recovered from an agricultural soil sample in Argentina in 2011. The aim of the present study was, therefore, to analyze the taxonomic position of these Bcc-like isolates using a polyphasic approach.
The six isolates from hospital settings were deposited in the CAMPA Collection (Colección Argentina de Microorganismos Patógenos y Ambientales) at CINDEFI, CONICET-CCT La Plata ( [19] . Following filtration, membranes were placed in enrichment medium and incubated at 37 C for 24 h. Positive cultures were inoculated on Burkholderia cepacia selective agar plates (BCSA, Britannia) and incubated for 3 days at 37 C and for 2 additional days at room temperature. Routine biochemical and molecular characterization of colonies of isolates were carried out. Isolate PBP 78 was obtained from a soil sample recovered in Pergamino, Buenos Aires province, (33 53¢ 00 † S 60 34¢ 00 † O), 512 km from Córdoba city, following environmental sampling and bacterial isolation procedures described previously [20] (Table 1) .
Stock cultures were prepared with bacteria grown for 24 h on Tryptone Soya Agar (Oxoid), incubated at 36 C. Cultures were preserved as both lyophilized and frozen stocks at À80
C in LB medium with 20 % (v/v) glycerol until further analysed. Genomic DNA was prepared for PCR experiments as previously described [9] .
The nearly complete sequences of the 16S rRNA gene of the isolates were amplified by PCR using the conserved primers 27 f and 1492 r [21] . The DNA sequencing of the 16S rRNA gene was performed at Macrogen (Seoul, South Korea) using the BigDye terminator cycle sequencing ready reaction kit (Applied Biosystems). Sequence assembly was carried out by using Vector NTI advance 10.1 software. Sequences of all isolates and related type strains were aligned using CLUSTAL W software. Phylogenetic analysis was conducted in MEGA 6 [22] . Pairwise comparison of these sequences against those from reference strains of other species of the Bcc revealed similarity levels of between 98.8 and 99.7 %. Similarity values against Burkholderia gladioli and Burkholderia glumae were in the range of 98.4-98.8 %, while similarities with other species of the genus Burkholderia were below 95.2 % (data not shown). The phylogenetic tree inferred from the 16S rRNA sequences showed that the seven isolates grouped within the Bcc in a highly (86 %) supported cluster. (Fig. S1 , available in the online version of this article).
The recA gene (1041 bp) was amplified with BCR1 and BCR2 primers [11] . Sequence analysis and assembly were performed for the seven isolates as described above for the 16S rRNA gene. The recA sequences obtained showed similarity values of between 89.5 and 94.7 % between the seven sequences of Burkholderia puraquae sp. nov. CAMPA 707 are: KX516807, KX516812, KX516842, respectively. The GenBank accession numbers for the 16S rRNA, hisA and recA gene sequences of Burkholderia puraquae sp. nov. CAMPA 567 are: KX516806, KX516811, KX516841, respectively. Those for the 16S rRNA, hisA and recA gene sequences of Burkholderia puraquae sp. nov. CAMPA 566 are: KX516805, KX516810, KX516840 respectively. The GenBank accession numbers for the 16S rRNA, hisA and recA gene sequences of Burkholderia puraquae sp. nov. CAMPA 565 are: KX516804, KX516809, KX516839, respectively. The GenBank accession numbers for the 16S rRNA and recA gene sequences of Burkholderia puraquae sp. nov. PBP78 are: KX534057, KX534063, respectively. The draft genome sequences of Burkholderia sp. CAMPA 1040 T was deposited in DDBJ/EMBL/GenBank under the accession numbers NBYX00000000. candidates and species of the Bcc with validly published names. The phylogenetic tree derived showed a tight clustering (99 %) of the seven candidate strains within the Bcc, as previously observed in the 16S rRNA gene tree (Fig. S2 ).
As phylogenetic analysis of the 442 bp hisA gene fragment is an additional powerful tool for discriminating between species of the Bcc [13] , PCR amplification of the hisA region and its nucleotide sequence was determined. Pairwise comparison of these sequences with those of the other members of the Bcc revealed similarity levels between 91.08 and 97.14 % (data not shown). A phylogenetically derived tree showed that the six isolates recovered from the hospital settings were grouped in a cluster within the Bcc (Fig. S3) . Furthermore, we determined the 11 letter code obtained from the combination of the nucleotides within the hisA gene, which has been reported to allow discrimination between species of the Bcc [13] . The 6 isolates presented the same 11 letter code for this site -CACGGCGGCTA-, which was different from other species of Bcc with validly published names.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been used to discriminate and identify members of the Bcc from other nonfermentative rods normally recovered from the sputum cultures of CF patients [23, 24] as well as within the Bcc down to the species level [15, [25] [26] [27] . The seven isolates studied here, 17 strains from different species of the genus Burkholderia, and six non-fermentative rods not belonging to the genus Burkholderia (see Fig. S4 for details), were grown on TSA for 24 h at 37 C, and mass spectra were acquired with an Autoflex I mass spectrometer (Bruker Daltonics) using the FlexControl v.3.0 software for data acquisition (Bruker) [24] . A spectral database was constructed with at least three biological/technical MALDI-TOF mass replicate spectra of the individual strains or isolates mentioned above. When an identification analysis of the isolates was carried out by means of the commercial system Bruker Daltonik MALDI Biotyper (Bruker), Burkholderia pyrrocinia was the identification obtained for the seven isolates with score values ranging from 2.41 to 2.38, depending on the isolate. Burkholderia cenocepacia and Burkholderia stabilis were the candidates that followed in the identification list. Each mass spectral pattern of the isolates and reference strains indicated above, were further also analyzed by the Matlab-based (The Mathworks) software package, MicrobeMS [28] . By means of MicrobeMS, an unsupervised hierarchical cluster analysis (UHCA) was performed using the MALDI-TOF mass spectral database obtained with the reference strains indicated above, and the seven isolates. For UHCA, the spectral information in the m/z region of 2000-14 000 was extracted and converted to barcode spectra, according to the procedures described by Lasch and Naumann [28, 29] , and Ward's algorithm was used as the clustering method. Fig. S4 shows the dendrogram of the cluster analysis carried out with a total of 62 database spectra from the 18 different species of the genus Burkholderia (including database spectra from the seven isolates) and MALDI-TOF mass spectra from six non-fermentative rods not belonging to the genus Burkholderia. These results show that these seven isolates were grouped in a distinct cluster included in an 'a2' cluster, within the Bcc reference stains and Burkholderia gladioli (cluster A), indicating that they can be distinguished from the most relevant species of the Bcc, from other species of the genus Burkholderia, and from other non-fermentative rods (cluster B) (Fig. S4) .
The recA and hisA gene sequence similarity levels towards other reference strains of species of the Bcc and the comparison of the MALDI-TOF mass spectra of the seven isolates against the more relevant species of the Bcc, show that these isolates comprise a tightly cluster of distinctive strains within the Bcc taxon. Thus, MLSA was performed using ANI values have become a gold standard in modern bacterial taxonomy for the determination of species delineation [16, 17] . Based on WGS data, ANIb was performed to estimate the mean values between homologous genomic regions shared by CAMPA 1040 T and the nearest species of the Bcc, according to the MLSA phylogenetic tree (Fig. 1) . This results demonstrated that B. puraquae sp. nov.
CAMPA 1040
T showed ANIb-values of 92.68 and 92.84 % against B. contaminans LMG 23361 and B. lata LMG 22485, respectively. As ANI values of 95 % are considered to be the boundary for species delineation [17, 30] , these results and the MLSA derived analysis confirm that the seven isolates represent a novel species of the Bcc.
The DNA G+C content (mol%) determination was performed at DSMZ (Germany [31] .
Fatty acid analysis was performed using the Sherlock Microbial Identification System (MIS) (MIDI, Newark, USA), after growing each isolate on TSA plates at 30 C for 24 h, as described previously [32] . Briefly, after harvesting the cells, fatty acids were extracted and methylated to fatty acid methyl esters (FAME) by using the Instant FAME procedure from MIDI. FAME composition was determined by gas chromatography using Sherlock software version 6.2. The most abundant fatty acids, both in the isolates and in the reference strains that are neighbours in the phylogenetic MLSA tree, B. contaminans LMG 23361 and B. lata LMG 22485, were 18 : 1!7c and/or 19 : 0 cyclo!8c (in Table S1 as summed feature 8), 16 : 1!7c and/or 16 : 1!6c (in Table S1 as summed feature 3) and 16 : 0, corresponding to over 89 % of the total content of fatty acids (Table S1 ). Analysis of the same samples using the phospholipid fatty acid analysis method of Sherlock on a gas chromatograph with a mass spectrometer detector, as described previously [32] showed that summed feature 8 contained both 18 : 1!7c and 19 : 0 cyclo!8c, but summed features 2, 3 and 5 contained only 14 : 0 3OH, 16 : 1!7c and 18 : 2!6, 9c, respectively (data not shown). Both principal component analysis (PCA) carried out with Sherlock software to assess strain proximity, and calculations carried out according to Vauterin et al. [33] to determine fatty acid profile homogeneity, indicated that the lipid composition of all isolates reported here are different to reference strains that are phylogenetically neighbouring species in the MLSA tree, whilst displaying a certain degree of heterogeneity amongst themselves (the sum of the differences between each fatty acid and the average of isolates varied up to 3.2 %).
The biochemical characterization for the seven isolates, performed as described by Henry et al. [34] is indicated in Table 2 . The strains assimilate glucose, L-arabinose, Dmannose, D-mannitol, N-acetylglucosamine, D-gluconate, caprate, adipate, L-malate, citrate and phenylacetate, but do not assimilate maltose. Oxidase, b-galactosidase, aesculin hydrolase and lysine decarboxylase activities are present, but not ornithine decarboxylase, arginine dihydrolase and urease. Nitrate reduction and gelatin liquefaction were strain-dependent. The seven isolates studied could be differentiated from other species of Bcc mainly because they do not grow at 42 C as almost all the other species of Bcc do. The isolates described here were able to grow on BCSA medium, assimilated xylose, they were negative for arginine dihydrolase activity and did not show b-haemolysis on blood agar plates. VITEK identification [35] yielded 'very good' to 'excellent' identification (93-98 %) as Burkholderia cepacia for the whole set of isolates.
In summary, recA gene sequence analysis, MALDI-TOF mass spectrometry, MLSA, whole-genome ANIb, and some biochemical tests, including the ability to grow at 42 C, hydrolysis of aesculin, and lysine decarboxylase and bgalactosidase activity, confirmed that CAMPA 565, CAMPA 566, CAMPA 567, CAMPA 707, CAMPA 1040 T , CAMPA 1043 and PBP 78 are a distinguishable, novel, group of bacteria within the members of the Bcc. It is, therefore, proposed to classify these isolates with the name Burkholderia puraquae sp. nov., with strain CAMPA 1040 T (=LMG 29660 T =DSM 103137 T ) as the type strain.
DESCRIPTION OF BURKHOLDERIA PURAQUAE SP. NOV.
Burkholderia puraquae (pur.a.quae. L. adj. purus -a -um pure; L. n. aqua water; N.L. gen. n. puraquae of pure water). T , was isolated from haemodialysis water in Córdoba province, Argentina, and it is gelatin liquefaction positive, with all remaining phenotypic properties similar to other isolates of the species. The DNA G+C content of the type strain is 66.3 mol%. 
